ABSTRACT. This study aimed to develop and validate real-time PCR for the diagnosis of Mycobacterium bovis isolates. Two hundred and seventy-four M. bovis isolates and 156 M. tuberculosis isolates were tested. Both qPCRs amplified all of the 274 M. bovis samples, but none of the 156 M. tuberculosis samples. The qPCR for PE-PGRS 20 had 91% efficiency and a detection limit of 0.32 ng (sensitivity and specificity for qPCR "Mbovis.100" were 99.64 and 100%, respectively). The qPCR for RD4 had 100% efficiency, and a detection limit of 4 pg (diagnostic sensitivity and specificity were 100 and 100%. The qPCR tests were performed using 4 extraction sets, 3 qPCR kits, and with a range of equipment; yet, all combinations produced similar results in a diagnostic test, demonstrating the robustness of this method. The techniques proved to be efficient, robust, sensitive, and specific for the diagnosis of M. bovis.
problem in the use of molecular methods for the differentiation of these microorganisms. The genetic similarity between the two bacilli reaches 99.95%, with the deletions being the main differences between the two (Fleischmann et al., 2002; Garnier et al., 2003) . The accurate differentiation of MTC members is clinically important because of the intrinsic variations of these members to anti-tuberculosis drugs (Somoskovi et al., 2009 ). As such, the ability to differentiate among MTC members might potentially allow the surveillance of zoonotic exposure, in addition to providing accurate epidemiological information (Reddington et al., 2011) .
Molecular biological methods have wide application in the laboratory diagnosis of animal diseases. PCR has several advantages compared to traditional methods of diagnosis, because it is highly sensitive, specific, and rapid. To produce a positive diagnosis, only a small number of cells are required; they do not have to be viable, and even poorly preserved samples may be used (Martinez et al., 2001) . qPCR has higher precision, reproducibility, better quality control in the process, a lower risk of contamination, and eliminates the need for using electrophoresis (Wittwer et al., 2001) . Furthermore, this technique reduces the analysis time to just 1-2 days, which is important to improve the currently time-consuming lengthy diagnosis of TB.
The current study aimed to develop 2 qPCR techniques using DNA intercalating agents for the molecular identification of M. bovis isolates.
MATERIAL AND METHODS

Ethics statement
We received M. tuberculosis samples from an already-existing collection at Empresa Brasileira de Pesquisa Agropecuária (Embrapa) Gado de Leite, Brazil. These samples were collected during a previous project conducted by Dr. Marcio Roberto Silva. All samples from humans were made anonymous. All M. bovis samples were isolated from lesions suggestive of tuberculosis that were collected from bovine in slaughterhouses around Brazil.
Primer design and qPCR
The primers designed to detect polymorphisms were based on the complete genome of M. bovis (Garnier et al., 2003) . First, the sequences were subjected to BLAST ® (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) for verification of polymorphisms (Altschul et al., 1997) . Then, the selected target mycobacterial sequences available on GenBank (NCBI, http://www. ncbi.nlm.nih.gov/) were aligned in BioEdit (Hall, 1999) . After checking the ideal regions, namely those present only on M. bovis, the primers were designed in the program Primer3Plus (Untergasser et al., 2007) , and analyzed using the program Oligo Analyser 3.1 (IDT, USA) for verification of secondary structures. In silico analytical specificity of the primers was tested with the PrimerBlast (NCBI, http://www.ncbi.nlm.nih.gov/tools/primer-blast/index. cgi?LINK_LOC=BlastHome) (Altschul et al., 1990) .
The regions that were selected for the specific diagnosis of M. bovis were the gene coding for PE-PGRS 20 and the region of difference 4 (RD4). The primers used for PE-PGRS 20 were Mbovis.100.F: 5'-GGC TGT GAT GCT GCT TCC-3' (205009-205026 position in the genome, BX248337.1) and Mbovis.100.R: 5'-CTC CGT GCT AGG ACG GTT-3' (position 205108-205091) , with a 100-bp segment being amplified. Primers for RD4 were Mbovis.88.F: The best concentration for both qPCRs (Mbovis.100 and Mbovis.88) was defined as 0.375 nM of each primer (IDT), 1.5 U Hot Start GoTaq Polymerase (Promega, USA), 20% Colorless GoTaq Hot Start buffer 5X, 1.5 mM MgCl 2 , 1 µL 20X Eva Green (Biotium, Hayward, CA, USA), 2 μL Rox 10X (Biotium), 10 mM dNTP made up to a final volume of 20 µL, and 2 μL DNA. The PCR stages contained a step at 95°C for 5 min, followed by 35 cycles at 95°C for 15 s, 63°C for 20 s, and 72°C for 30 s, with the reading cycle length. The curve denaturation was performed at 72°C to 99°C, with intervals of fluorescence at every 1% rise in temperature.
Real-time PCRs (qPCR) were performed in ABI7500 (Applied Biosystems, USA). Tests were performed using trial and error adjustments, in accordance with primer concentrations and annealing temperature, to adjust reagent concentrations. Samples were only considered positive when the curve analysis showed melting temperature peaks that did not differ by more than 1°C from the positive control used in the same experiment. All tests were performed with positive and negative controls and blank tubes to detect the reagent contamination. Four hundred and thirty (274 M. bovis and 156 M. tuberculosis) isolates from Brazil were used to test the diagnostic sensitivity and specificity. All of the samples that were tested were previously characterized biochemically. All M. tuberculosis samples were previously characterized by amplification of the pncA gene (Scorpio and Zhang, 1996) , and its polymorphism was detected by the cleavage of the amplicon with Eco065I, as previously described (Barouni et al., 2004) . This analysis was carried out at the Laboratory of Molecular Biology Applied to Mycobacteria, Oswaldo Cruz Institute, Fiocruz, Brazil.
Samples
Phenotype-based speciation methods
All positive cultures were subjected to additional phenotypic speciation methods, including biochemical tests to distinguish mycobacterial strains. Tests included catalase at room temperature and at 68°C. In addition niacin, nitrate, pyrazinamidase, urease, and drug susceptibility testing were conducted (Kent and Kubica, 1985) .
Validation criteria
The parameters for the validation methodology were performed using parameters described in the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals [OIE (World Organization for Animal Health), 2010] and as proposed by Fonseca Jr. et al. (2013) .
Reaction efficiency
The reaction efficiency was tested by diluting DNA samples extracted from M. bovis AN5 México CRNC 36 (Canevari Castelão et al., 2014) . Each dilution was tested in duplicate, and the concentration was estimated by the spectrophotometer UV light Nanovue ® (GE Healthcare, Salt Lake City, UT, USA). Standard curves for both qPCRs were created to determine the optimal concentration of primers, which were defined as R 2 minimum of 0.99 and a minimum efficiency of 90%.
Limit of detection (LOD)
LOD was determined by the dilution of the standard strain in base ten. The dilutions were tested in triplicate, and the LOD was determined as the dilution at which all replicates were positive. The LOD was confirmed by repeating the qPCR 21 times.
Repeatability and reproducibility
The repeatability was estimated using 7 samples of M. bovis. We extracted DNA from 7 samples during 3 days of sampling, and submitted the extracted nucleic acid to qPCR in triplicate. To assess possible changes in the test, a second analyst performed the technique using the same criteria and the same samples.
Twenty-one samples were sent to another laboratory to assess interlaboratory reproducibility. Sampling was performed according to OIE (World Organization for Animal Health, 2010), using bacterial suspensions of M. bovis, M. tuberculosis, and mycobacteria other than M. tuberculosis.
Robustness
The following variables were analyzed as possible alternatives for the diagnosis of bovine TB. Four extraction kits were tested: Nucleospin Triprep ® (Macherey Nagel, Bethlehem, PA, USA) DNeasy Blood & Tissue Kit ® (Qiagen, Valencia, CA, USA), AccuPrep Genomic DNA Extraction Kit ® (Bioneer, Alameda, CA, USA), and Genomic DNA Isolation Kit ® (RBC, New Taipei City, Taiwan), in addition to boiling for 30 min at 90°C. The following qPCR kits were also tested: Fast qPCR Master Mix Plus EvaGreen ® (Biotium), 2.0X RealQ-PCR Master Mix ® with Sybr Green (Ampliqon, Odense, Denmark), and Platinum SYBR Green qPCR Supermix-UDG ® (Invitrogen, Carlsbad, CA, USA). The 7 samples previously submitted to the qPCR technique were tested by all these kits in triplicate in the termocycler ABI7500 (Applied Biosystems). The qPCRs were also tested in the thermocycler Rotorgene 3000 (Qiagen).
Statistical analysis
We used the McNemar test to compare paired proportions, the kappa test to determine the measure of agreement between two tests classifying each sample, and the sensitivity and specificity analysis.
Sensitivity and specificity
For the sensitivity and specificity analysis, 274 M. bovis and 156 M. tuberculosis isolates from Brazil were used. Each sample was simultaneously tested by phenotypic and qPCR methods (Mbovis.100 and Mbovis.88). The qPCR method was compared with the phenotypebased speciation method, as a gold standard.
RESULTS qPCR
The efficiency of qPCR Mbovis.88 and qPCR Mbovis.100 was 100 and 90.96%, respectively, with both having an R 2 above 0.99. Melting peaks were 92.20°C for qPCR Mbovis.100 (standard deviation 0.37°C) and 82.75°C for qPCR Mbovis.88 (standard deviation 0.30°C).
LOD was calculated based on serial dilutions of M. bovis DNA. As indicated by the reaction efficiency, qPCR Mbovis.88 could detect lower quantities of bacterial DNA (4 pg) compared to qPCR Mbovis.100 (0.32 ng).
Repeatability, reproducibility, and robustness
The average values and standard deviations of Ct for each day in the repeatability and intralaboratory reproducibility tests for qPCR Mbovis.100 and qPCR Mbovis.88 are shown in Tables 1 and 2 , respectively. The results indicate that both qPCRs may be reproduced in the laboratory without major differences in qualitative results. Reproducibility was 100% in the interlaboratory trials.
All qPCR kits and variations in DNA extraction produced similar results, with low standard deviations. The peaks in the melting curve analysis differed in each kit. Table 3 shows variations in the denaturation temperature for qPCR Mbovis.100. Denaturation temperatures were used for PCR kits "Fast-Plus EvaGreen qPCR Master Mix" (Biotium), and "2.0X RealQ-PCR with Sybr Green Master Mix" (Neobio, Brazil) and Rotor gene 3000 (Qiagen).
Statistical analyses
The McNemar test showed no significant difference between both qPCR and the phenotypic tests. The Kappa test showed perfect agreement between the the two qPCRs and the phenotypic tests.
Sensitivity and specificity
Neither qPCR amplified any reference sample from the genus Mycobacterium that was used in this study, besides M. bovis. Only one M. bovis isolate that was tested in the sensitivity test was not positive in qPCR Mbovis.100; however, all M. bovis isolates were positive in qPCR Mbovis.88. The DNA extracted from M. tuberculosis was not amplified in any qPCR. The diagnostic sensitivity and specificity for qPCR Mbovis.100 was 99.64% (95%CI = 97.98-99.94%) and 100% (95%CI = 98.02-100%), respectively. The diagnostic sensitivity and specificity for qPCR Mbovis.88 was 100% (95%CI = 98.65-100%) and 100% (95%CI = 98.02-100%), respectively. Table 3 . Variation of melting curve peaks in robustness tests. 
DISCUSSION
Both qPCR showed a high degree of diagnostic sensitivity and specificity compared to phenotypic analysis, demonstrating that the selected regions are useful for the differentiation of M. bovis and M. tuberculosis. The DNA sequence detected by qPCR Mbovis.88 (targeting RD4 in M. bovis genome) was only present in strains derived from M. bovis, and did not exist in the M. tuberculosis complex, even in those most genetically similar species like M. caprae (Garnier et al., 2003; Sales et al., 2014) . Because of the MTC clonal profile and the low rate of recombination, a reversal in this deleted region is unlikely. The region detected by qPCR Mbovis.100 is a gene coding for 1 protein of the PE-PGRS family. Genetic variation occurs in the genes that code for PE-PGRS M. bovis and M. tuberculosis because of insertions and deletions (Sreenu et al., 2006) . These genetic factors, combined with the large sample size used in this study, increase the confidence in using these qPCRs for the identification of M. bovis.
The repeatability and reproducibility of a technique must be scientifically tested to ensure that the same diagnosis and identification of microorganisms is consistently obtained under different conditions. DNA extraction was responsible for differences in Ct values between days, analysts, and qPCR. Both qPCRs were developed for qualitative results; hence, the amount of DNA added to reaction mixes was not precise, varying between 20 and 200 ng, explaining the data shown in both tables. These two parameters must also be confirmed in the regulation for laboratory accreditation (Freitas et al., 2006) . Hence, qPCR validation was essential to prove that the same results could be reproduced despite variations in day, analyst, reagents, equipment, and laboratory.
Ring tests are part of the requirements for the validation of a diagnostic test [OIE (World Organization for Animal Health), 2010]; hence, the validation phases of a method should not only include tests within a laboratory, but proof of performance at different institutions as is known that PCR results may be slightly different in different laboratories, because of differences in equipment, reagents or the implementation procedures by different analysts (Eischeid, 2011) . The interlaboratory tests conducted in this study produced 100% replicability. There were few variations in technique, because both laboratories use the same reagents and equipment for PCR; however, the results confirmed that both qPCRs could be performed safely in other laboratories.
To evaluate the performance of qPCR, we assessed different qPCR equipment, kit DNA extraction kits, and amplification kits. All resulting samples produced positive results, which were amplified with specific denaturation peaks when compared to the positive control.
The peaks in the melting curve analysis results were quite variable in all tests; however, these changes were expected. The Rotorgene 3000 has a different fluorescence detection and heat exchange system to ABI7500, which generates discrepant peaks in melting curves; however, this variation is minimal within the same equipment. Extraction kits generate different residues during DNA extraction, including ions that influence DNA dissociation.
PCR mixes produced by different companies have buffers with factors causing differences at the specific point that the denaturation of the double-stranded DNA occurs (Wittwer et al., 2001) . One of the kits used in this study had even had a different intercalating agent, SYBR Green, which has different saturation DNA molecule characteristics compared to Eva Green (Eischeid, 2011 ). Yet, the results remained consistent across all kits, confirming the robustness of the qPCRs. None of these factors invalidated the results or prevented the use of these reagents.
The target regions for both of the qPCRs used in this study were based on long polymorphisms, which reduced the possibility of false-positive results. Besides the fact that a large number of samples were used to validate these techniques, long polymorphisms offer several advantages over other PCR techniques that rely only on single nucleotide polymorphisms (Goh et al., 2006) , require electrophoresis on agarose gels (Shah et al., 2002) , or use a small amount of samples (Bakshi et al., 2005) . The methodologies tested in this study proved to be reliable, despite the use of different reagents and equipment. These variables have not been subject to extensive testing in any of the previously published studies, despite representing common differences in molecular biology laboratories.
Both of the qPCRs analyzed in the present study have potential application as a rapid method for the diagnosis of bovine TB, and might also have public health utility, particularly in areas (or populations) where M. bovis is prevalent. Furthermore, these qPCRs could be used to obtain estimates of the prevalence or incidence rates of bovine and human infections caused by M. bovis. This strategy could be expanded beyond Brazil, for epidemiological purposes in areas such as Africa, Southeast Asia, Central America, South America, and other regions where M. bovis is transmitted from animals to humans (and vice-versa) , or is a suspected problem.
